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The Microtubule Plus End-Tracking Protein EB1
Is Localized to the Flagellar Tip
and Basal Bodies in Chlamydomonas reinhardtii
with homology to human EB1 were identified, and the
full-length cDNA coding region (843 bp) from C. rein-
hardtii wild-type strain CC-125 mt was cloned and
sequenced (GenBank accession number AY219336). It
is predicted to encode a 31 kDa protein (CrEB1; Figure
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New Haven, Connecticut 06520 1A) that shares 30%–58% amino acid sequence iden-
tity with EB1 orthologs from plants, fungi, insects, and2 Botanisches Institut
Universita¨t zu Ko¨ln mammals. Among the human EB1 family proteins,
CrEB1 appears to be most closely related to EB3, whichCologne 50931
Germany is ubiquitously expressed but enriched in neurons [13,
14]. However, CrEB1 also displays high sequence ho-3 Department of Biological Sciences
Dartmouth College mology to human RP/EB1 (Figure 1A). Furthermore, be-
cause BLAST analysis of the C. reinhardtii nuclear ge-Hanover, New Hampshire 03755
nome sequence (http://genome.jgi-psf.org/chlre1/chlre1.
home.html) indicated that CrEB1 is the only EB1 family
protein in Chlamydomonas, we named the proteinSummary
CrEB1. The homology between CrEB1 and human EB1
is highest in the N-terminal and C-terminal regions corre-Flagellar axonemes assemble and continuously turn
sponding to a predicted calponin-homology domain andover at the flagellar tip. The supply and removal of
a coiled-coil motif, respectively (Figure 1A). These re-axonemal subunits at the tip are mediated by intrafla-
gions are highly conserved among EB1 family proteinsgellar transport (IFT) [1, 2], a motility process essential
[9, 15].for the assembly and maintenance of all eukaryotic
flagella and cilia. IFT is characterized by the movement
of large protein complexes (IFT particles) from the CrEB1 Is Present in the Flagella and Cell Body
basal bodies to the flagellar tip by kinesin-II and from To characterize CrEB1, a polyclonal CrEB1-specific anti-
the tip back to the basal bodies by cytoplasmic dynein body was generated and affinity purified. Immunoblot
1b. The IFT particles consist of16 polypeptides parti- analysis with this antibody detected a single 34 kDa
tioned into two complexes, A and B [2, 3], and associ- band in isolated C. reinhardtii cell bodies (Figure 1B, lane
ate with axonemal precursors/turn over products. The 1) as well as flagella (Figure 1B, lane 2). The apparent
mechanisms by which IFT motor regulation and cargo molecular weight of this protein (34 kDa) is slightly
loading/unloading occur at the flagellar tip are un- higher than predicted (31 kDa), which could be due to
known. We identified a Chlamydomonas reinhardtii the acidic nature of CrEB1 (predicted pI of 5.7) resulting
ortholog of the microtubule (MT) plus end-tracking in slower migration during SDS-PAGE.
protein EB1 [4] (CrEB1) and show here that CrEB1 Disruption of the flagellar membrane by freezing and
localizes to the tip of flagella and to the proximal part thawing in nondetergent buffer followed by centrifuga-
of the basal bodies. Furthermore, we found that CrEB1 tion to sediment axonemes and membranes resulted in
is depleted from flagella of the temperature-sensitive the release of 95% of total flagellar CrEB1 into the
(ts) flagellar assembly-defective (fla) mutant fla11ts at supernatant/soluble fraction (Figure 1B, lane 4). Upon
the restrictive temperature. This depletion of CrEB1 further extraction of the pellet with 1% NP40, the re-
is accompanied by a dramatic accumulation of IFT maining 5% of CrEB1 was associated with the axo-
particle polypeptides near the flagellar tip. nemes (Figure 1B, lanes 3 and 5). Thus, most of the
flagellar CrEB1 is soluble.
Results and Discussion
CrEB1 Localizes to the Tip of Full-Length,
Identification of a C. reinhardtii EB1 Growing, and Shortening Flagella
Ortholog (CrEB1) Next, immunofluorescence microscopy (IFM) using af-
Because axonemal MTs are oriented with their plus ends finity-purified CrEB1 antibody and wild-type cells was
toward the flagellar tip [5], we hypothesized that proteins performed. This analysis showed that CrEB1 localizes
known to associate with MT plus ends (e.g., EB1, APC, to the flagellar tip in addition to the cell body (Figures
LIS1, CLIPs, CLASPs, and p150Glued [6]) may be localized 2A–2C). Cell body CrEB1 appeared as discrete spots
at the flagellar tip. To identify potential flagellar tip pro- throughout the cytoplasm, presumably representing
teins, we focused on EB1 because EB1 binds to the CrEB1 binding to cytoplasmic MT plus ends, and was
plus ends of cytoplasmic, spindle, and astral MTs [7–10] highly concentrated near the basal bodies at the anterior
and has been detected in the connecting cilia of rod end of the cell (Figures 2A–2I and data not shown).
photoreceptor cells [11]. By BLAST homology search Because axonemal MTs are constantly turning over at
[12], several C. reinhardtii-expressed sequence tags the tip [1], the data indicate that CrEB1 can localize to the
flagellar tip during simultaneous removal and addition
of tubulin. CrEB1 flagellar tip staining was completely*Correspondence: joel.rosenbaum@yale.edu
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Figure 1. Identification of a C. reinhardtii EB1 Ortholog
(A) Amino acid sequence alignment of EB1 from C. reinhardtii (CrEB1; GenBank accession number AY219336) and Homo sapiens EB1 (HsEB1;
GenBank accession number XP_009450.2). Identical and similar amino acid residues are indicated by asterisks and colons, respectively.
(B) CrEB1 is present in the cell body and isolated flagella. 10 g of cell body extract (lane 1), purified flagella (lane 2), or stoichiometric
equivalent amounts of flagellar axonemes (lane 3), soluble flagellar proteins (lane 4), or 1% NP40-soluble flagellar proteins (lane 5) were
separated by 12% SDS-PAGE, and analyzed by immunoblotting with CrEB1-specific antibody. Molecular mass markers are indicated to the
left in kDa.
abolished by treatment of the cells with 1% NP40 (data end of pausing or shortening MTs in neurons could not
be ruled out [14]. In addition, orthologs of cytoplasmicnot shown), consistent with the finding that most of the
flagellar CrEB1 is soluble (Figure 1B, lanes 3–5). dynein and Lis1 also localize to both growing and shrink-
ing MT ends in fungi [21, 22].When C. reinhardtii cells are deflagellated, new fla-
gella grow out within 1 hr [16]. IFM analysis of wild-type The association of CrEB1 with the tip of shortening
flagella could be due to different MT binding propertiescells during flagellar outgrowth showed that CrEB1 is
localized at the flagellar tip at least as early as 15 min of CrEB1 compared with other EB1 family members, or
to differences in axonemal MT structure and dynamicsinto flagellar regeneration and remained localized at the
tip throughout flagellar regeneration and during steady compared to cytoplasmic, spindle, and astral MTs. We
also cannot rule out that CrEB1 is associated with thestate (Figures 2D–2F and data not shown). We also found
that CrEB1 is localized to the tip of flagella induced to flagellar tip by a MT-independent mechanism (e.g., by
binding to the membrane or other macromolecularshorten by the addition of IBMX [17] (Figures 2G–2I) or
by temperature-induced inhibition of the anterograde structures at the tip).
IFT motor subunit FLA10 kinesin-II [18, 19] (Figure 4A,
lane 5, and data not shown). The latter finding was sur- CrEB1 Localizes to the Proximal Region
of the Basal Bodiesprising because Xenopus and human EB1 have pre-
viously been shown to associate with the plus ends of In addition to binding to MTs, EB1 also localizes to
kinetochores and centrosomes in various organisms [7,polymerizing MTs only [10, 20]. However, for human EB3
expressed in neurons, some association with the distal 10, 15, 20]. To analyze the localization of CrEB1 at the
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Figure 2. IFM Showing Flagellar Tip Local-
ization of CrEB1 in Wild-type C. reinhardtii
Cells
Cells were grown at 22C and subjected to
IFM using antibodies specific for CrEB1 (red)
and acetylated tubulin (green). (A–C) Wild-
type cells with full-length flagella. (D–F) Wild-
type cells that were mechanically deflagellated
and allowed to regenerate flagella for 15 min.
(G–I) wild-type cells treated with 1 mM IBMX
for 1 hr to induce flagellar resorption [17]. Scale
bar, 10 m. Carets point to the flagellar tip.
flagellar basal bodies (the equivalent of centrioles), post- collection of fla (fla1-17), short flagella (shf1-3), long
embedment immunoelectron microscopy (IEM) using flagella (lf1-4), and bald (bld1-7) mutants (see http://
CrEB1 antiserum and isolated flagellar apparati from www.biology.duke.edu/chlamy/ for strain information)
cell wall-deficient (cw; strain CC-400 cw15 mt) cells by immunoblotting and IFM using the CrEB1-specific
was performed. The CrEB1 antiserum detected a single antibody. This analysis revealed that CrEB1 is depleted
band of 34 kDa in immunoblot analysis of whole C. from flagella of fla11ts mutant cells incubated at the re-
reinhardtii cells, whereas no reaction was observed with strictive temperature (32C) for 3.5 hr (Figure 4A, lane
preimmune serum (Figure 3A), indicating that the antise- 7, and Figures 4H–4J). However, CrEB1 still localizes to
rum is specific for CrEB1. Analysis of longitudinal (Fig- the cytoplasm and basal bodies in these cells (Figures
ures 3B and 3C) and cross-sections (Figure 3D) of the 4H–4J), and the levels of CrEB1 in whole fla11ts and wild-
flagellar apparatus showed that the CrEB1 antiserum type cells at 32C, determined by immunoblotting, are
labels discrete zones at the proximal part of the basal similar (data not shown). The CrEB1 cDNA sequence
bodies and appears to be a genuine component of the from fla11ts cells is identical to that of wild-type cells,
basal body (Figures 3B–3D, arrows). No significant label- suggesting that fla11ts is defective in another gene that is
ing of this region was observed with the preimmune required for flagellar targeting/tip association of CrEB1.
serum (Figure 3E). Quantitative analysis of the data con- In contrast to the fla11ts results, CrEB1 levels and tip
firmed that the labeling of the proximal region of the localization are normal in flagella from fla10 kinesin-IIts
basal bodies is specific for CrEB1 (see Table S1). In (anterograde IFT motor mutant) cells under the same
some micrographs, gold particles were observed in
conditions (Figure 4A, lane 5, and data not shown). Theclose proximity to the attachment sites of the proximal
latter observation suggests that CrEB1 does not requireconnecting fibers (Figure 3C, right arrow, and Figure
anterograde IFT to maintain flagellar tip association, al-4D). No significant labeling of probasal bodies was ob-
though a role for anterograde IFT in the initial transportserved (19 gold particles detected in 75 probasal bodies
of CrEB1 to the flagellar tip cannot be ruled out.examined), indicating that CrEB1 is recruited to the
The fla11ts mutant was isolated in 1982 in a screenbasal bodies at a later stage during assembly and is
for ts flagellar assembly-defective mutants [23], but thenot required for the initiation of basal body formation.
genetic defect in fla11ts is unknown. At the permissiveExtensive attempts to analyze CrEB1 flagellar tip local-
temperature (21C–22C), fla11ts flagella are shorterization by IEM were unsuccessful.
(50%) than wild-type flagella (data not shown), and
flagellar regeneration is very slow (complete in 24 hrReduced Levels of CrEB1 in Flagella
[24] compared with 1 hr for wild-type cells [16]). Fur-from fla11ts Cells
thermore, at the permissive temperature, the cells haveTo investigate a potential role for CrEB1 in IFT and/or
flagellar length regulation, we first analyzed the available normal or slightly reduced levels of IFT complex A poly-
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Figure 3. Ultrastructural Localization of CrEB1 at the Basal Bodies
(A) Immunoblot of wild-type C. reinhardtii cell lysate using CrEB1 immune- or pre-immune serum (1:1000 dilution). Molecular mass markers
are shown to the left in kDa. (B–E) Postembedment IEM of ultrathin (60–80 nm) sections of the flagellar apparatus from cw15 cells using
CrEB1 antiserum (B–D) or preimmune serum (E). In cross-sectioned basal bodies (D), the view is from the distal to the proximal end. Arrows
indicate gold-labeled CrEB1 antibodies at the proximal end of the basal bodies, near the rootlet MTs (rMT), as shown in (B) and (D). In (B),
the flagella (f), transitional zone (tz), and distal connecting fiber (dcf) are also visible. One of the proximal connecting fibers (pcf) can be
observed in (D). Scale bar, 250 nm.
peptides and increased levels of IFT complex B polypep- What is the function of CrEB1 at the flagellar tip? In
addition to a potential effect on IFT (e.g., by affectingtides in their flagella (Figures 4B–4E, lane 6; [25]), as
well as a measurable defect in retrograde IFT [25]. Upon the activity of IFT motors), flagellar tip-associated CrEB1
could also affect flagellar assembly and tip turn over viashifting to the restrictive temperature (32C), fla11ts fla-
gella resorb very slowly (complete in 24 hr compared direct binding to and modulation of axonemal microtu-
bules. Other EB1 family members are known to regulateto 4 hr for fla10ts cells [24]). In addition, we found that the
flagellar level of IFT complex A polypeptides increases MT dynamics and tend to promote dynamic instability
of MTs [6]. For example, addition of recombinant humandramatically under these conditions, while that of IFT
complex B does not increase further (Figures 4B–4E, EB1 to Xenopus egg extracts decreases MT pauses and
catastrophes and increases rescues [20]. It is possiblelane 7). This observation was confirmed by IFM, which
also showed that the accumulation of IFT complex A that CrEB1 can promote dynamic instability of axonemal
MTs at the flagellar tip, which in turn may affect flagellarpolypeptides occurs near, but not at, the flagellar tip
(Figures 4K–4M). assembly and turn over rates.
A recent report indicated that EB1 may be part ofThus, in fla11ts cells incubated at 32C, CrEB1 is de-
pleted from flagella and no longer can be detected at filamentous extensions on MTs in Xenopus egg extracts
[20]. Interestingly, plug-like structures and short fila-the flagellar tip. This is concomitant with a dramatic
increase in the flagellar level of IFT complex A polypep- ments that connect the distal ends of the axonemal
outer doublet A tubules to the flagellar membrane weretides, which accumulate near the flagellar tip. Because
the genetic lesion in fla11ts is still unknown, the exact described decades ago [26], but the proteins that com-
prise these flagellar tip structures are unknown. It willconnection between lack of CrEB1 at the tip and
changes in IFT is presently unclear. be interesting to determine whether CrEB1 is part of
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shortening flagella, as well as to the proximal part of
the basal bodies. CrEB1 is depleted from flagella of
fla11ts mutant cells at the restrictive temperature. This
depletion of CrEB1 is accompanied by a dramatic accu-
mulation of IFT particle complex A polypeptides at the
flagellar tip.
Supplemental Data
Supplemental Data including experimental procedures and a table
are available at http://www.current-biology.com/cgi/content/full/
13/22/1969/DC1/.
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